Introduction
============

Pain is a key higher order brain function which controls emotion, affects decision making, and forms vital memory for survival. Human imaging and animal studies show that several cortical regions are related to pain and pain-triggered unpleasantness \[[@R1], [@R2]\]. Two major areas for pain perception are the anterior cingulate cortex (ACC) and insular cortex (IC) \[[@R3]-[@R5]\]. For example, *in vivo* electrophysiological recordings from adult rats and mice show that ACC neurons were activated by peripheral physiological stimulation or a peripheral injury model, such as digit amputation \[[@R6]-[@R8]\].

Glutamate contributes as a major excitatory neurotransmitter in the central nervous system (CNS) \[[@R9]\]. Glutamatergic receptors are essential in basal synaptic transmission and long-term plasticity in the CNS. There are two types of glutamatergic receptors, which are ionotropic and metabotropic glutamatergic receptors (mGluRs). α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), N-methyl-D-aspartate receptors (NMDARs) and kainate receptors (KARs) belong in ionotropic glutamatergic receptors. AMPARs and KARs mediate fast excitatory transmission in the CNS, while NMDARs mediate a slow component of excitatory synaptic transmission. Among these ionotropic receptors, AMPARs and NMDARs have been most reviewed thus far. mGluRs, on the other hand, are members of G-protein coupled receptors (GPCRs), which can be classified into three groups: group I (mGluR1 and 5), group II (mGluR2 and 3) and group III (mGluR4, mGluR6, mGluR7 and mGluR8) \[[@R10], [@R11]\]. Different mGluRs are distributed in both the peripheral nervous system and the CNS. Most subtypes except of mGluR6 are widely expressed in pain-related areas of spinal cord and the brain \[[@R10], [@R11]\]. Group I mGluRs are mainly expressed in the postsynaptic membrane; group II mGluRs are located in both postsynaptic and presynaptic elements. Group III mGluRs are located to presynaptic terminals closed to or in the active zone of the synapse \[[@R10], [@R11]\].

Two major forms of long-term plasticity, long-term potentiation (LTP) and long-term depression (LTD) are synaptic models of learning, memory and pain \[[@R3], [@R12]-[@R15]\]. Its mechanisms have been primarily studied in subcortical areas, especially the hippocampus \[[@R13], [@R16], [@R17]\]. Both LTP and LTD have also been observed in cortical areas including the ACC and IC of adult animals \[[@R3], [@R18]-[@R20]\]. Interestingly, mice undergoing chronic pain had altered forms of LTP and LTD in the ACC \[[@R3], [@R21]-[@R24]\] and the IC \[[@R19], [@R25]\]. Although the functional roles of AMPARs, NMDARs and KARs on LTP and LTD have been well reviewed \[[@R3], [@R13], [@R16], [@R17]\], less is understood about the roles of mGluRs on cortical long-term plasticity and their function in pain-related behaviors. Here, we will explore the mechanisms of cortical long-term plasticity, its contribution to pain behaviors, and the possible role of mGluRs in both.

Cortical areas in pain perception
=================================

Five major cortical areas: the ACC, the IC, prefrontal cortex (PFC), primary somatosensory cortex and secondary somatosensory cortex consistently respond to pain stimuli \[[@R1], [@R2]\]. The importance of its activity during pain is easily demonstrated through brain imaging in humans \[[@R3], [@R4]\]. Bushnell *et al*. (2013) reported that a warm-cold grid, producing painful sensation, can selectively activate the ACC region, while warm or cold stimuli alone did not produce any pain or cause ACC activation \[[@R2]\]. Thermal noxious heat, cold and chemical stimuli all result in ACC neuronal activity \[[@R1]\]. Similar to the ACC, the IC is triggered by different painful or noxious stimuli \[[@R1], [@R2], [@R19], [@R26]\]. Thus, neural activities in the ACC and IC are thought to be critical for pain perception and unpleasantness \[[@R2]\]. Furthermore, both areas are involved in psychological pain, social exclusion and pain empathy, providing further evidence \[[@R27]\].

Long-term potentiation (LTP) in cortex as a cellular model for chronic pain
===========================================================================

We have systematically characterized the mechanisms of LTP and their functional roles induced by peripheral injury, thereby triggering plastic changes in the ACC synapses \[[@R3], [@R15]\]. *In vivo* extracellular recordings reveal that digit amputation potentiate field excitatory postsynaptic potentials in adult rat ACC neurons \[[@R7]\]. In *in vivo* intracellular recordings, digit amputation also causes membrane depolarization of pyramidal neurons in the adult rat ACC \[[@R8]\]. Such potentiation or excitation lasts for a long time period, and consequently might generate altered neuronal spike activity in the brain without obvious peripheral sensory stimulation \[[@R28]\].

Cortical LTP of Excitatory Transmission
---------------------------------------

Various genetic, electrophysiological and pharma- cological approaches have been performed in order to investigate mechanisms of basic LTP in ACC synapses. Three different stimulation protocols can be used to induce LTP in ACC pyramidal neurons of adult mice brain slice preparation: the pairing training protocol (synaptic activity paired with postsynaptic depolarization), theta burst stimulation (TBS) and the spike-excitatory postsynaptic potential (EPSP) pairing protocol \[[@R18], [@R29]\]. Using whole-cell patch-clamp recording, the pairing protocol induced postsynaptic LTP mainly requires the activation of NMDARs \[[@R18]\]. In fEPSP recording, the LTP induced by TBS mediates NMDARs and L-type voltage-gated calcium channels (L-VGCCs) \[[@R30], [@R31]\]. NMDA receptors containing GluN2A or GluN2B subunits specifically in ACC synapses contribute to the NMDA receptor currents \[[@R18], [@R32]\]. Bath applications of GluN2A and GluN2B antagonist significantly blocked both NMDA receptor-mediated excitatory postsynaptic currents (EPSCs) and LTP; the application of either antagonist alone only partially reduced LTP \[[@R18]\]. Activations of NMDA receptors increase in postsynaptic calcium (Ca^2+^) in dendritic spines. Ca^2+^ is heavily involved in intracellular signaling, triggering a series of biochemical events that  Ca^2+^ binds to calmodulin (CaM) activates Ca^2+^-stimulated signaling pathways \[[@R18]\]. A postsynaptic injection of a  Ca^2+^ chelator, BAPTA blocked the induction of LTP, suggesting that elevated postsynaptic Ca^2+^ concentrations are critical for the LTP \[[@R18]\]. Ca^2+^-stimulated adenylyl cyclase subtype 1 (AC1), which is in neuron-specific is also implicated in LTP, an enzyme highly expressed in the ACC \[[@R33], [@R34]\]. In AC1 knockout (KO) mice, TBS or pairing stimulation induced LTPs are abolished \[[@R31]\]. Likewise, the administration of a selective AC1 inhibitor, NB001 significantly inhibited LTP \[[@R33]\].

Using genetic and pharmacological approaches, the functional roles of AMPA GluA1 and GluA2/3 have been investigated. GluA1-KO mice reduced LTP in the ACC \[[@R29]\]. LTP induction in the ACC requires the interactions between the C terminus of GluA1 and PDZ domain proteins since LTP was blocked by the GluA1 subunit C-terminal peptide analog Pep1-TGL \[[@R35], [@R36]\]. Therefore, the induction of LTP in the ACC requires the interactions between the C terminus of GluA1 and PDZ domain proteins. Synaptic delivery of the GluA1 subunit from extrasynaptic sites and GluA1-PDZ interactions is a key mechanism for the synaptic plasticity \[[@R37]\]. Application of a glutamate receptor antagonist, philanthotoxin 433 five minute after the induction of LTP inhibited synaptic potentiation without affecting basal AMPA receptor-mediated currents. These results suggest that Ca^2+^-permeable GluA2-lacking receptors are critical for the maintenance of LTP in the ACC \[[@R38]\]. By contrast, the GluA2/3-PDZ interaction did not affect LTP in the ACC \[[@R38]\].

Similar to the ACC, neurons in the IC also show LTP \[[@R19], [@R39]\]. Using whole-cell patch-clamp recordings, the pairing protocol produces LTP in pyramidal neurons in layer II/III of the IC \[[@R19]\]. As shown through pharmacological experiments, insular LTP requires NMDARs subunits GluN2A and GluN2B. The fEPSPs recordings showed that activations of both GluN2A and GluN2B subunits of the NMDARs, L-VGCC and mGluR1 are required for insular LTP produced by TBS \[[@R39]\]. The expression of insular LTP is also dependent on the recruitment of postsynaptic calcium-permeable AMPARs, which involves transient receptor potential vanilloid type 1-independent mechanisms \[[@R40]\].

Cortical LTP and Chronic Pain
-----------------------------

In both the ACC and IC, our previous studies report that chronic pain in mice results in reduced LTP \[[@R19], [@R21]\]. Because the LTP related receptors and molecular are already activated, we can observe occlusion of cortical LTP.

As we reviewed above, the cingulate LTP requires activation of NMDARs. Chronic inflammation model mice upregulate the expression of NMDARs GluN2 and enhance the function of GluN2 receptors mediated currents \[[@R41]\]. Furthermore, bilateral microinjections of an NMDAR antagonist into the ACC decreased chronic inflammatory pain behavior \[[@R41]\]. In the IC, nerve injury model increase amount of synaptic NMDARs \[[@R19]\]. Local injections of an NMDAR antagonist or an GluN2B antagonist statistically reduced mechanical allodynia \[[@R19]\]. AMPARs in addition to NMDARs are also associated with long-term plasticity and pain behaviors in these regions \[[@R3]\]. In the ACC, nerve injury enhanced phosphorylation and redistribution of GluA1 \[[@R42]\]. Bilateral microinjections of AMPA/KA antagonist into the same area alleviated mechanical allodynia \[[@R42]\]. Moreover, layer V neurons projecting from the ACC to spinal cord are potentiated by nerve injury through GluA1 accumulation, which was demonstrated by an electron microscopic study \[[@R43], [@R44]\]. Finally, we microinjected a Ca^2+^-permeable AMPA receptors antagonist, NASPM into the ACC, which elevated mechanical threshold in the nerve injury model \[[@R43], [@R44]\]. Similar to the ACC, GluA1 phosphorylation in the IC contributes to nerve injury model \[[@R26]\]. Microinjections of  an AMPA/KA antagonist or GluA1-containing AMPAR antagonist into the IC also increase mechanical withdrawal threshold induced by nerve injury model, suggesting that GluA1-containing AMPARs in the ACC and the IC are critical for nociceptive behaviors.

Targeting AC1 which is associated with cortical LTP is a potential candidate for pain therapy for three major reasons \[[@R24], [@R33], [@R34]\]. Firstly, AC1 is stimulated in a Ca^2+^-CaM-dependent manner, downstream from NMDARs. Secondly, AC1 is involved in chronic pain-related neuronal plasticity in the ACC and spinal cord. Finally, AC1-KO mice reduce or block behavioral sensitization to non-noxious mechanical stimuli in animal models of chronic pain including neuropathic and inflammatory pain \[[@R34]\]. NB001 has been identified as a selective AC1 inhibitor \[[@R33]\]. NB001 dose-dependently suppresses cAMP production triggered in ACC slices, suggesting its effectiveness in inhibiting activity-dependent cAMP under physiological or pathological conditions in adult rodents. In adult mice ACC slices, postsynaptic application of the inhibitor significantly reduced the induction of LTP in ACC pyramidal neurons \[[@R33]\]. NB001 also inhibited a pairing protocol induced LTP in the spinal cord dorsal horn. These results demonstrate the critical role of AC1 in both spinal and ACC LTP. This cellular mechanism involving AC1 likely contributes to neuropathic pain behavior. We have previously shown that AC1-KO mice had significantly reduced behavioral allodynia in neuropathic pain and inflammatory pain of animal models \[[@R34]\]. In support of these genetic studies, administration  of NB001 (intraperitoneal) significantly caused analgesic effects in CFA induced chronic inflammatory pain model \[[@R33]\].

A downstream signaling protein from AC1, protein kinase Mζ (PKMζ), is essential for maintaining pain-related LTP \[[@R24]\]. This atypical isoform of PKC, has been identified in many brain regions, such as the frontal cortex \[[@R45]\]. Specifically in the ACC of nerve injured mice, the activity  of PKMζ was upregulated, enhancing either protein phosphorylation or synthesis \[[@R24]\]. The activity of AC1 is critical in upregulation of PKM since AC1-KO mice did not display significant changes in neither the levels nor the phosphorylation of PKMζ (p-PKMζ). A possible function  of PKMζ is to maintain ACC late phase LTP (L-LTP), which was erased by a selective PKMζ inhibitor, ζ inhibitory peptide (ZIP) \[[@R24]\]. Since PKMζ plays a critical role in cognitive learning and memory, it is unlikely a drug target for controlling chronic pain.

Cortical LTD and chronic pain
=============================

LTD mechanisms, like LTP, have been well-characterized in subcortical areas, especially in the hippocampus \[[@R17], [@R46]\]. At least two major forms of LTD in the hippocampus  have been investigated by using various recordings and protocols \[[@R17]\]: NMDA-dependent LTD and mGluR-dependent LTD.

Cortical LTD
------------

Similar to the hippocampus, two LTD types - NMDAR- and mGluR-dependent LTD - have been reported in cortical areas including the ACC and IC \[[@R20], [@R22], [@R23], [@R47]\]. Using whole-cell patch-clamp recording, NMDAR-dependent LTD can be observed. The presynaptic stimulation paired with postsynaptic depolarization (1 Hz, 300 pulses, holding membrane potential at -45 mV) produces NMDA receptor-dependent LTD in layer II/III pyramidal neurons \[[@R20], [@R38]\]. The activations of GluN2A and GluN2B subunits is required for this NMDA-dependent LTD, followed by postsynaptic Ca^2+^ influx \[[@R38]\]. Furthermore, expression of cingulate LTD is crucial to AMPA GluA2 subunit not GluA3 as well as the interaction between the GluA2/3 C-terminal and its PDZ binding partners \[[@R38]\]. For instance, specific GluA2/3-PICKI and GluA2/3-GRIP/ABP interactions require the LTD in the ACC \[[@R20], [@R38]\].

Cortical LTD and Chronic Pain
-----------------------------

LTD is associated with learning and memory, and pain \[[@R3], [@R17]\]. Interestingly, rodents undergoing chronic pain models such as peripheral injury have altered or reduced LTD in both the ACC and IC. In the digit amputation model, both NMDAR- and mGluR-dependent LTD forms were either modified or blocked in the ACC and the IC (Fig. **[1](#F1){ref-type="fig"}**) \[[@R22], [@R23], [@R47]\]. Specifically in the ACC of bone cancer pain model mice, NMDA receptor-dependent LTD was blocked \[[@R48]\]. Digit amputation in mice also diminished mGluR-dependent LTD after two weeks (Fig. **[1](#F1){ref-type="fig"}**) \[[@R22], [@R23]\]. Similar to the ACC, this amputation model reduced LTD in the IC induced by low frequency stimulation \[[@R25]\]. Chronic pain model mice enhance the expression and functions of NMDARs in the cortex \[[@R19], [@R41]\]. Such postsynaptic excitability may cause loss function of LTD. All these findings provide a possible dis-inhibitory mechanism for chronic pain condition in cortical area \[[@R3]\]. In other words, loss function of undergoing LTD might allow to maintain excitation for an extended period of time in cortical synapses.

MGLURS mediated LTP in the ACC and IC
=====================================

Major forms of LTP investigated in the ACC and IC  are NMDA receptor dependent \[[@R3], [@R18], [@R19]\]. Zhao *et al*. has previously reported that cortical LTP induced by three major protocols (pairing protocol, spike timing and TBS) is blocked by AP-5, an NMDA receptor antagonist in the ACC \[[@R18]\]. Whole-cell patch-clamp recordings reveal that in layer II/III pyramidal neurons of the IC, pairing protocol induced LTP is also blocked by AP-5 \[[@R19]\]. Recently, we reported a form of cortical presynaptic LTP (pre-LTP) in the ACC \[[@R49], [@R50]\]. Using whole-cell patch-clamp recordings, this cortical pre-LTP does not require mGluRs because a broad mGluRs antagonist (MCPG, 500 μM) did not show any effect on the cortical pre-LTP \[[@R49]\]. Using field EPSP analysis, pre-LTP was elicited through combining 2 Hz low frequency stimulation (for 2 min) and a GluK1 agonist (ATPA, 1 μM) \[[@R50]\]. This pre-LTP requires mGluRs because a broad mGluRs antagonist reduced the pre-LTP in the ACC \[[@R50]\]. Future studies are clearly necessary to fully investigate this mGluR-dependent LTP.

MGLURS LTD in the ACC and IC
============================

In addition to NMDA-dependent cortical LTD, the mGluR-dependent LTD is observed in both the ACC and IC \[[@R22], [@R23], [@R25], [@R47]\]. In the ACC, a low frequency stimulation  (1 Hz for 15 min) produced LTD by field EPSP recordings \[[@R22], [@R23]\]. The stimulation induced LTD was subsequently inhibited by a non-selective mGluRs antagonist MCPG, but not by a NMDA antagonist AP-5 \[[@R22], [@R23]\]. Since mGluR1 antagonist LY367385, not a mGluR5 antagonist, reduces the cortical LTD, mGluR1 is specific to the LTD mechanisms that L-VGCC is involved in mGluR-related LTD (Fig. **1**) \[[@R22], [@R23]\]. Additionally, the mGluR1 dependent LTD requires PKC, not the PKA or CaMKII signaling pathways \[[@R22]\]. Recently, we employed multi-electrode array in order to examine the mapping of neural circuits of LTD in the ACC \[[@R22]\]. The mGluR-dependent LTD decreases the numbers of LTD showing channels. Similar to the cingulate LTD, low frequency stimulation also produces LTD during multi-electrode array recordings from adult mice the IC \[[@R25], [@R47]\]. The insular LTD requires both NMDARs and mGluRs which is a different subtype of group I mGluRs may be involved in insular LTD (Fig. **[1](#F1){ref-type="fig"}**) \[[@R25], [@R47]\].

MGLURS mediated metaplasticity
==============================

Metaplasticity is a term referred to the plasticity of plasticity itself \[[@R51]\]. A unique feature of group I mGluRs is their roles in metaplasticity, where their activity can effect subsequent synaptic plasticity \[[@R52]\]. In the hippocampus, it is known that activations of group I mGluRs by DHPG have priming effects on synaptic plasticity, especially LTP. Our group tested to see whether priming can influence the ability to induce LTD in the ACC and IC \[[@R22], [@R39]\]. A mouse model of chronic pain induces metaplasticity that mGluR-dependent LTD is altered by digit amputation rodents in the ACC as well as the IC \[[@R22], [@R23], [@R25]\]. In the ACC from the digit amputation model mice, impairment of ACC LTD could be rescued by priming with the selective activation of mGluR1. Similar to ACC synapses, prior activation of group I mGluRs can produce a form of metaplasticity that restores the low frequency stimulation-evoked LTD in the IC from tail-amputated mice (Fig. **[2](#F2){ref-type="fig"}**) \[[@R25]\].

Functional roles of MGLURS in nociceptive behaviors and pain-related synaptic changes
=====================================================================================

Different mGluRs are expressed in the periphery and the CNS. Most mGluR subtypes are widely distributed in pain-related brain areas, and are related to the induction, expression and maintenance of nociception and chronic pain \[[@R10], [@R11], [@R53]-[@R55]\]. Group I, II and III are classified into Gq, Gi~/~o and Gi~/~o proteins, respectively. Here, we summarize the functional roles of mGluRs in pain-related areas including cortex, subcortex, brainstem, spinal cord and the periphery for various behavioral tests in acute nociceptive and chronic pain model animals. In most pharmacological studies about mGluRs on nociceptive behaviors in acute or chronic pain model, selective or non-selective mGluR agonists and antagonists were mainly applied. Local injections of a mGluR agonist or antagonist show the effects in an area-specific manner. In general, activations of group II and III mGluRs or blocking of group I mGluRs produces analgesic and/or anti-allodynic effects.

Cortical mGluR
--------------

mGluRs are expressed in the whole brain, playing important roles in synaptic transmission. A study conducted by Shigemoto and Mizuno reported the distributions of mGluRs in neocortical area \[[@R11]\]. In the neocortex, mGluR1, 2, 3, 5 and 7a are found in layer I and II. Layer III and IV have mGluR2, 3 and 5. The mGluR2, 3, 5 and 7a are distributed in layer V, while layer VI has mGluR2 and 3 subtypes. In particular, the ACC mainly has mGluR2, 3, 5, 7a isoforms \[[@R10], [@R11]\]. In the IC, however, the distributions and types of mGluRs are unclear.

Only a few studies have been conducted which focus on the roles of mGluRs in nociception and chronic pain within the cortex. It is still unclear as to how mGluRs are involved in basal transmission and long-term synaptic plasticity. As far as we know, only one report looks at their pain-related functions in the cortex. Calejesan *et al*. reported that a microinjection of a non-selective mGluR agonist into the ACC enhanced the tail flick reflex due to heat stimuli \[[@R56]\]. This study suggests that mGluRs in the cortex contributes to nociceptive behaviors. Further studies are needed to understand the functional roles of mGluRs in the ACC and IC.

mGluR Function in Pain-related Synaptic Changes
-----------------------------------------------

In contrast to the association of long-term plasticity in pain, there are few studies about cortical mGluR functions in pain-related changes. Although the possible synaptic mechanisms of mGluRs on basal synaptic transmission are still unclear in pain-related changes, an *in vivo* electro- physiological study suggests the functional roles of mGluRs in pain-related changes. *In vivo* unit recording shows that arthritis pain model deactivates the neural activity in mPFC \[[@R57]\]. The pain-related inhibition in mPFC is mediated by the activation of γ-aminobutyric acid (GABA) ergic neurons because pharmacological inhibition of GABA~A~ receptors increases the suppressed neural activity. In normal condition, mGluRs are not involved in the neural activity of mPFC neurons. However, blocking mGluR1 in the mPFC increases the suppressed responses in arthritis pain model. Therefore, it is likely that mGluR1 activates GABAergic neurons in mPFC of arthritis pain model.
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![**The cingulate LTD and occlusion by tail amputation. (A)** Experimental design of cingulate LTD and tail amputation. **(B)** The mechanisms of cingulate LTD using fEPSP recording. **(C)** Low-frequency stimulation (1 Hz for 15 min) produces LTD in the ACC. **(D)** The activation of mGluR1 by a group I mGluR agonist DHPG (100 μM) together with a mGluR5 antagonist MPEP (10 μM) show cingulate LTD in sham mice. **(E)** The 2 weeks of tail amputation model mice show impaired cingulate LTD. **(F)** Twenty minute after DHPG with MPEP show no chemical induced LTD in the ACC of the amputation model mice. Modified from \[[@R22]\].](CN-14-427_F1){#F1}

![**Recovery of the cingulate LTD in tail amputation model mice by priming. (A)** High concentration of DHPG (100 μM) together with MPEP (10 μM) were applied for 20 min in the tail amputation model mice. After washout for 50 min, low-frequency stimulation (1 Hz for 15 min) shows cingulate LTD. **(B)** DHPG (20 μM) together with MPEP (10 μM) were applied for 15 min in sham group. After washout for 15 min, the low-frequency stimulation produces LTD. **(C)** In tail amputation model mice, DHPG with MPEP were given for 15 min. After washout for 15 min, the stimulation induces cingulate LTD. Modified from \[[@R29]\].](CN-14-427_F2){#F2}
